ABSTRACT. One hundred and ninety-six (196) species of microalgae were identified from the annual shore-fast sea ice samples collected from the Canadian Arctic between November and June in the years 1971 to 1978. The diatoms were represented by 189 species (21 centric and 168 pennate), the flagellates by three species, the dinoflagellates and chrysophytes by two species each. There were no blue-green algae. Species composition and distribution are tabulated. The dominant species of the microalgal communities in the bottom of the ice different from those found elsewhere in the ice.
. However, very little is known concerning qualitative and quantitative species composition and spatial distribution of sea ice microalgae in the Canadian Arctic. The objective of this paper is to investigate the quantitative composition, vertical distribution and standing stock of microalgae in the Canadian arctic sea ice, and to explore some environmental factors controlling their distribution.
MATERIALS AND METHODS
The sea ice microalgal samples were collected with a 7.5-cm SIPRE ice corer from the top to the bottom of the ice at stations 508 (Fig. 1) . The length of the ice core was measured, and various parts of the core were cut with a fine-toothed meat saw. The ice samples were placed in clean plastic containers, and then thawed in the laboratory at room temperature. One set of the samples from the Eskimo Lakes (Grainger et al., 1977) and Frobisher Bay (Grainger, 1971) was used for the analyses of salinity, nutrients and pigments. The other set of samples was used for species identification and enumeration, and was immediately preserved with formalin at a final concentration of 2%, neutralized with calcium carbonate in Boston round polyethylene bottles. The preserved sea ice microalgae were quantitatively analyzed for species composition and standing stock. The techniques for preparing permanent slides of cleaned diatoms for species identification were described by Foy and Hsiao (1976) . Sea ice microalgae were identified with the aid of a Leitz phase-contrast compound microscope. All samples were thoroughly shaken to suspend cells. Subsamples of lOmL (except for those taken from the bottom of the ice cores which, because of the dense concentrations of cells there, were only 1mL) were pipetted into a Zeiss 10-mL phytoplankton sedimentation chamber. The cells were allowed to settle for 12-24 hours, and were counted with the aid of a Leitz inverted microscope at a magnification of 500x. The cells in an area equivalent to 89 microscope fields were counted. They were indentified to species when possible, otherwise to higher taxonomic levels or groups. The microalgae described here were mostly collected from 10 cm long ice cores, taken from near the top surface, the middle and the bottom surface of the ice. Total cell counts and chlorophyll a were used to estimate the standing stock of sea ice microalgae. The integrated standing stock was used as the standard value for seasonal and regional comparisons. Chlorophyll a was analyzed in the field with a spectrophotometric technique following the method of Strickland and Parsons (1972) .
RESULTS

Species Composition, Distribution and Abundance
A total of 196 species in 46 genera of microalgae was identified from the Canadian arctic sea ice (Table 1) . Among them, the diatoms were represented by 189 species (21 centric and 168 pennate), the flagellates by three species, the dinoflagellates and chrysophytes by two species each. No blue-green algae were found in this study. Eleven, 24 and 44 species of microalgae were found exclusively in the Eskimo Lakes, Eclipse Sound and Frobisher Bay, respectively; 51 species were observed in more than one region, and 68 species occurred in all three regions. Of the 68 species of sea ice microalgae commonly distributed in these regions, the 18 most frequently encountered were Amphiprora kjellmanii var. karianu, A. kjellmanii var. striolata, Amphora laevis var. laevissima, Cylindrotheca closterium, Gomphonema exiguum var. pachycladum, Navicula directa, N . quadripedis, Nitzschia cylindrus, N . frigida, N . gruendleri, N . hybrida, N . laevissima, N . tergestinu, N . Polaris, Pinnularia quadratarea var. stuxbergii, Pleurosigma clevei, P. stuxbergii and Thalassiosira nordenskioldii.
Most species of ice flora were distributed at the bottom of the sea ice, while eight species (Chuetocerosfragilis, Fragilaria pinnata, Licmophora gracilis, Navicu- Table 1 . Highest counts of diatoms were found at the top of the ice at station 5B in Frobisher Bay in late May, with the greatest number of Nitzschia cylindrus the dominant species, occurring as 1.45 X los cells/L. In the middle of the ice at station 5 in Frobisher Bay in late May Nitzschia hybrida was dominant, as 1.45 X 10s cells&. In the bottom of the ice at station 4 in Eclipse Sound in late May, Nitzschiafrigida was dominant, comprising 193.07 X los cells/L. The most abundant flagellate found was an unidentified green flagellate with 1.45 x lo4 celldL in the top of the ice in early February and 6.16 x lo4 c e l l a in the middle of the ice at station 5B in Frobisher Bay in late May, and with 5.44 X 10s cells/L from the bottom of the ice at station 5 in Frobisher Bay in mid-May. Among euglenoid flagellates, the most abundant was Euglena proxima, with 2.18 X los cells/L, encountered only in the bottom of the ice at station 5 in Frobisher Bay in mid-and late-May. Phaeocysris pouchetii, with 2.03 x 10s cells/L in the top of the ice and with 3.52 X lo5 cells/L in the middle of the ice occurred at station 5B in Frobisher Bay in late May, but not in the bottom of the ice. Chloridella glacialis, with 29.73 X los cells&, was obtained only from the bottom of the ice at station 1 in Eclipse Sound in mid-May , and showed there the highest counts of chrysophytes found. Goniaulax catenata, in quantities of 3.3 x lo3, 7.3 x lo3 and 112Ox lo3 cells/L was found, respectively, in the top, middle and bottom of the ice at station 508 in the Eskimo Lakes in late May. It was the most abundant dinoflagellate.
Community Structure
The ice flora of the Eskimo Lakes was dominated by the diatom community in all but three samples out of 34, followed by dinoflagellates and flagellates. No chrysophytes were found in this region ( Table 2 ). The largest numbers of species and cells of diatoms were found in the bottom of the sea ice,while the dinoflagellates and flagellates were rare and scattered through the entire thickness of the ice. Diatoms comprised more than 95.1% of the microalgae in the sea ice of Eclipse Sound (Table 3) . A small number of species and cells of dinoflagellates and chrysophytes occasionally formed communities at the bottom of the sea ice.
Ice diatoms appeared to be the largest community in the ice flora of Frobisher Bay except for one sample (out of 54) dominated by chrysophytes (Table 4) . Dinoflagellates frequently occurred with small numbers of species and cells. Flagellates formed the smallest community. Generally, the ice flora of the Canadian Arctic consisted mainly of diatoms which were largely composed of pennate forms. Dinoflagellates, flagellates and chrysophytes were fewer in numbers of species and cells.
SPP.
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Standing Stock
The standing stock results, as measured by both chlorophyll a and cell counts, are presented in Tables Integrated standing stock, in terms of cell numbers and chlorophyll a per m2 over the whole ice column, showed that the standing stock started to build up from the time the ice formed in late fall. From initial values of 1 .OS x lo8 cells/m2 with chlorophyll a 0.023 mg/m2, there was a slow but steady increase through the winter months, followed by a dramatic increase in early spring. Maximum levels of 3.42 x 1Olo cells/m2, with a chlorophyll a value 7.58 mg/m2 were reached in late spring, and thereafter declined rapidly as ice melting occurred in early summer (Fig. 2) . The standing stock of sea ice microalgae in the Eskimo Lakes, Eclipse Sound and Frobisher Bay was almost always dominated by species of pennate diatoms and had cell numbers greater than 1 million per litre (Hsiao 1979a, b, c) . Navicula quadripedis, Nitzschia cylindrus, N. polaris and N . frigida were commonly found in these 3 regions. Other dominant species in both Eclipse Sound and Frobisher Bay were Amphiprora kjellmanii var. striolata, Amphora laevis var. laevissima, Gomphonema exiguum var. pachycladum, Nitzschia hybrida and N . seriata. Other abundant species occurring only in Eclips'e Sound included Amphiprora kryophila, Bacilluria paradoxa, Navicula granii, Nitzschia angularis, N . laevissima, N . tergestinu and N. lineata. Species occurring only in Frobisher Bay were Achnanthes taeniata, Navicula transitans, Cylindrotheca closterium, Nitzschia distans var. erratica, N . grunowii and Rhabdonema minutum.
DISCUSSION
There were 196 species of microalgae found in the Canadian arctic sea ice with I89 species of diatoms making up the greatest cell abundance, and fewer species and a lesser abundance of flagellates, dinoflagellates and chrysophytes. Usachev (1949) listed 142 species of diatoms but few dinoflagellates, flagellates or green algae from the ice in the Kara and Laptev seas. He.designated 24 (three centric and 21 pennate) diatom species as typical cryophiles. All these typical cryophiles except Fragilaria islandica were also found in the Canadian arctic sea ice. Meguro et al. (1966; 1967) found 24 species of pennate diatoms, but no other algae, in the bottom of arctic sea ice off the Point Barrow area, Alaska. Nineteen of them, except Gomphonema exiguum var. arctica, Navicula gracilis var. inaequalis, Nitzschia lavuensis, Pinnularia quadratarea var. capitata and Stenoneis inconspicua, also commonly occurred in the sea ice of the Canadian Arctic. The pennate diatoms Nitzschiafrigida and Navicula marina were the most abundant species in the ice microalgal community in the Chukchi Sea at Barrow (Horner and Alexander, 1972; Clasby et al., 1976 ), but were not found in areas farther from shore (Meguro et al., 1966; 1967) . These species were commonly dominant in this study. Other dominant species of diatoms are listed in Table 1 which includes all the species found by Horner and Alexander (1972) .
In most samples (101 out of 105), the diatom community overwhelmingly exceeded the dinoflagellates, flagellates and chrysophytes. On only three occasions did the dinoflagellates exceed more than 50% of the total microalgal population in the top of the ice at station 508 in the Eskimo Lakes. In only one case did the chrysophytes exceed 50% of the populations in the top of the ice at station 5 in Frobisher Bay. Diatoms consisted largely of pennate forms in all three areas studied in the Canadian arctic sea ice, while centric forms formed only a small percentage of the total population except for two (out of 105) samples. In these, centric forms were 14.2% and 21.1% more numerous than pennates in the top of the ice at stations 5B and 1 in Frobisher Bay and in Eclipse Sound, respectively. Allen (1971) stated that small pennate diatoms principally represented the ice community at high latitudes. Horner and Alexander (1972) found only pennate diatoms occurring in Chukchi sea ice. Later, Horner (1976) observed several species of Chaetoceros and Thalassiosira, centric diatoms, occurring in an ice microalgal community dominated by pennate diatoms and small flagellates, in the sea ice at Barrow. Grant and Horner (1976) collected Coscinodiscus lacustris from ice in the nearshore Beaufort Sea. Of the diatoms identified in the sea ice samples from the Eskimo Lakes, Eclipse Sound and Frobisher Bay, the order of importance of the genera of pennate diatoms, in terms of standing stock, were Navicula, Nitzschia and Pinnularia. Centric diatom genera of lesser importance included Chaetoceros and Thalassiosiru. Next to the diatoms in abundance and importance were the dinoflagellates represented by Goniaulax catenata, the flagellates by Euglena proxima and unidentified green flagellates, and the chrysophytes by Chloridella glacialis and Phaeocystis pouchetii. Species other than diatoms were not found commonly at Barrow (Horner and Alexander, 1972) . In the Antarctic, most of the sea ice microalage were diatoms (Bunt and Wood, 1963; Buinitsky, 1968) .
The sea ice microalgal communities developed from late fall at the time of the ice formation, through the winter, and increased rapidly in spring until the ice disappeared. The melting fast ice promoted the growth of microalgae by increasing available light, nutrients and low-salinity water (McRoy and Goering, 1974; Grainger, 1977; Tsurikov and Vedernikov, 1979) , with maximum standing stock being reached just prior to the thaw period. The dominant species of microalgae in the bottom of the ice differed from those found in the top and middle. The shade-adapted microalgae grew well in a very small amount of light energy reaching to the bottom of the sea ice after being almost completely absorbed by snow cover, sea ice and flora lying above (Tsurikov and Vedernikov, 1979) . The growth was inhibited by the higher light intensities in the upper layer as a result of photo-oxidation of photosynthetic algal pigments, particularly as the overlying snow melted (Apollonio, 1961; Bunt, 1964; Burkholder and Mandelli, 1965; Tsurikov and Vedernikov, 1979) .
The standing stock of microalgae in the top of the ice increased from 4.0 X lo4 cells/L with a trace amount of chlorophyll a in late November to 9.6 X 105 cells/L with chlorophyll a 2.53 mg/m3 in late May; in the middle of the ice it increased from 1.09 x lO'celldL with chlorophyll a 0.36 mg/m3 in late February to 3.41 X 1(Y celldL with chlorophyll a 2.27 mum3 in mid-May; in the bottom ice it increased from 2.17 x 1(Y cells/L with chlorophyll a 0.45 mg/m3 in early March to 6.82 X lo7 cells/L with chlorophyll a 300.55 mg/m3. Concentrations varied greatly depending upon the time of year, station locations and portions of the ice core sampled.
The integrated standing stock found in the sea ice increased in quantity from 1.05 x 10" cells/m2 with chlorophyll a 0.023 mg/mz in November to 3.42 X 10'' celldm' with chlorophyll a 7.58 mg/m2 in late May. Such standing stock was comparable to the amount found in the arctic sea ice of Jones Sound, N.W.T. (Apollonio, 1961; 1965) , at Point Barrow, Alaska (Meguro et al., 1966; 1967; Alexander etal., 1974) , and in the Bering Sea (McRoy and Goering, 1974) , and in the Antarctic fast ice (Buinitsky, 1977) , but it was at least one to two orders of magnitude greater than that of phytoplankton in the underlying waters (Hsiao, 1979c) , and also higher than that of phytoplankton blooms in some productive seas of the northern hemisphere (Bursa, 1961; Thordardottir, 1973 consisting mostly of species of Navicula and Nitzsrhic, with Navicula quadripedis and Nitzschia frigida being the most abundant, was low in late fall through winter, increased in early spring to blooms in late spring or early summer, and then declined as the sea ice melted. Live microalgae within seasonal shore-fast ice in the study areas lasted eight to nine months a year, starting from newly formed sea ice in late October that thickened through the winter months to about 2 m by early June. Microalgal cells were present in the ice from the time it formed, but they were few in number and scattered through the entire thickness of the ice so that no visible layer of organisms was present. By late March a relatively large population existed in the ice and by late April or May a thin layer was visible on the bottom of the ice. The number of cells increased and the layer developed colored bands ranging from greenish-brown to dark brown, concentrated in approximately the bottom 2 cm.
The bottom ice layer of 1-2 cm was relatively soft, and consisted of a relatively loosely aggregated matrix of large, platelet ice crystals oriented vertically in which many micro-and mega-fissures were encased; within these fissures were brine solutions and air pockets (Pounder, 1965; Meguro et al., 1967) . The sea ice in nature is virtually never in an equilibrium state and most of its physical properties depend on the brine content (Pounder, 1965) . The brine content varies with time because of both temperature and salinity changes. The ice-air interface (top of the ice) is colder than the bottom of the ice sheet, which is fixed at the freezing point of the seawater. Because of diffusion, the concentration of brine within the cell is uniform and of a salinity to match the mean temperature of the ice surrounding the cell. Hence at the warmer end the brine is too concentrated and will dissolve ice to reduce its concentration. At the colder end more ice freezes to increase the brine concentration, and the net effect is to move the entire cell of brine along the gradient in the direction of higher temperature. In a sea ice cover the brine migration acts in the same direction as brine drainage so that the two effects are additive. Both processes take place slowly during the winter months. Brine drainage is quite rapid when the ice approaches its melting point during the warmer months of spring and summer (Pounder, 1965) .
A high nutrient content occurs in the brine pockets and fissures in which the microalgae live and form colonies. The brine is in a quasi-crystalline (ice-like) state and acts as a strong biological stimulant to algal growth (Buinitsky, 1977) . Thus the bottom layer was the main area of distribution and had the largest quantity of microalgae. The numbers of microalgae varied from 2.18 x 10s to 1.6 X 108 cells/L. In contrast, the top ice layer was relatively thick, dense, compact and hard because its temperature was colder than the bottom ice resulting in brine cells, cut off from each other and from the sea, that decreased in size to smaller diameters or even migrated downward to the bottom. Salinity and nutrients subsequently declined. The cell numbers ranged between 2.8 x lo4 and 9.57 X lo' cells/L, and were ten to a hundred times fewer than the bottom ones. Nutrients were always sufficient to support the growth of microalgae in the ice of the Eskimo Lakes and Frobisher Bay (Grainger, 1975; .
They were also plentiful in ice in other areas of the Arctic (Meguro et al., 1967 ; Oradovskiy, 1972; Alexander, 1974) and in the Antarctic (Oradovskiy, 1974; Buinitsky, 1977) . These nutrients were possibly supplied from desaltation of sea ice, exchange with seawater under the ice, and in situ regeneration due to the active microbial populations (Meguro et al., 1967; Alexander et al., 1974) . Microalgae entrapped over winter in persistent ice due to freezing of seawater could remain viable for long periods in the dark without an external additional carbon source (Bunt and Lee, 1972) . Rodhe (1955) demonstrated that microalgae had the dual ability of auto-and hetero-trophic growth to enable them to survive the extended darkness of winter by assimilating dissolved organic substances or extracellular products synthesized during growth in the previous light period. Recently, Mel'nikov and Pavlov (1978) found that organic carbon concentrations were higher in ice than in water in the Arctic Basin. They supported Rodhe's observation that dissolved and suspended organic carbons in ice seem to play an important role in the survival of microalgae during the polar winter.
The sea ice microalgae grew and spread in the continuously low temperature, variable salinities and a quite remarkable set of light fields, together with spatially and temporally variable and discontinuous physical-chemical conditions. Unfortunately, the temperature of sea ice was not measured in this study. Minimal surface seawater temperatures under the ice in the Eskimo Lakes, Eclipse Sound and Frobisher Bay during winter months were -1.2"C, -1.6"C and -1.7"C, respectively, whereas the air temperatures were between -20°C and -30°C. Most arctic environments have a comparable temperature regime in the winter months. Meguro et al. (1967) found that the temperature of the microhabitat in the brine cells within 5 cm of the bottom sea ice was stable at about -1.75"C in ice 2 m thick at Point Barrow, Alaska. They concluded that this microhabitat was neither a closed frozen system to supply nutrients nor a completely inactive biochemical environment owing to the extremely low temperature.
Ice formation and melting affect the salinity and available nutrients (Grainger, 1977) . The salinity at the bottom of the ice ranged from 2"/-to lo"/-in Frobisher Bay and Eskimo Lakes. Microalgae were potentially exposed to high ranges of salinities up to 45"/-in the brine cells near the bottom of the sea ice in winter in the Barrow area (Meguro et al., 1967), and to very low salinities as early summer melt water mixed with the surface water producing a range of OS"/=-to 7"/-, averaging about 4"/-in Frobisher Bay (Grainger, 1977) . Grant and Homer (1976) reported that arctic ice diatoms were able to grow in a wide range of salinities between 5"/-and 60°/-, and tolerate well the brine-cell salinities. Meguro et al.
(1967) suggested that salinity was probably the most important factor limiting the upper extent of the microalgae in the sea ice. However, with low summer salinities below 5"/-resulting from prolonged periods of melting ice, the pigmentation of Antarctic ice diatoms changed from the normal yellow-brown to pale bluish-green (Whitaker, 1977) , and was probably not the major cause of the disappearance of the ice microalgal bloom (Grant and Homer, 1976) . Apollonio (1965) found that the loss of the epontic community was more closely related to a r 790 S . I. C. HSlAO marked increase in light intensity within the ice as the overlying snow melted and shade-adapted ice microalgae could not tolerate the higher light intensities. During the ice period, in late autumn and early spring the sun is low on the horizon and the days are short, while winter months are essentially sunless. From late spring onwards, day length increases and in summer the sun remains overhead 24 hours daily while the sea is still covered with about 2 m of ice and often snow as well. The effect of light on life processes is indeed significant. Sea ice is itself a strongly scattering medium and is definitely not a homogeneous material. It is commonly illuminated by natural sunlight at a very low angle. Moreover, the cloudy conditions which often prevail in the polar regions result in further diffusion and scattering of the available light. Light transmission through in situ sea ice is determined not only by its intensity, angle of incidence, surface reflection, snow cover and ice conditions but also by the biological activities of epontic communities. It is a widely held veiw that the photic zone extends to the depth at which illumination has fallen to 1% of its value at the surface. Many of the sea ice microalgae are able to make slow but effective growth at intensities several orders of magnitude lower than this. Their ranges may be extended further still if provided with appropriate organic substrates.
Light intensity under the ice in Frobisher Bay measured by Grainger (1979) was less than 5 ft-c in January and March with the snow cover between 3 and 45 cm, while surface light was about 770 ft-c. In late April and May, with the snow cover about the same as earlier, surface light reached as high as 1300 ft-c and the light under the ice increased to between 5 and 10 ft-c. At this period a colored layer of microalgae appeared at the bottom of the ice. Grainger (1977) also indicated that the maximum ice flora activity probably occurred at between about 10 and 50 ft-c, before loss by melting began. In June the snow cover on the ice disappeared, whereas light beneath the ice rose to between 50 and 75 ft-c. Apollonio (1965) reported that light intensity reaching the bottom of the ice in Jones Sound near Devon Island was less than 20 ft-c at the time of the maximum chlorophyll development, while English (1961) considered the compensation intensity for microalgae recovered from beneath arctic pack ice to lie between 20 and 200 ft-c. Clasby et al. (1973) indicated that the minimum light requirement for primary productivity of arctic sea ice microalgae was about 6 ft-c. In the Antarctic, the sea ice microalgae were light saturated at 100 ft-c, photosynthesis inhibited at 1100 ft-c and compensation intensity was about 2.5 to 7 ft-c (Bunt, 1964; 1%8) . Apparently light is the primary limitation to the development of the epontic community in polar waters. Buinitsky (1968) found that sea ice microalgae absorb radiation passing through the ice and thereby promote the more rapid melting and breakup of the ice. A sudden marked increase in under-ice illumination would damage the epontic community coincident with deterioration in the lower layers of the sea ice.
Sea ice is a very favorable medium for the existence and development of microalgae (Buinitsky, 1977) . Under favorable conditions, the microalgae start to grow from where they are trapped. They are distributed in different ways in the ice. Most frequently they form horizontal layers at the bottom of the arctic sea ice. This is possibly due to the fact that the largest brine drainage channels are located near the bottom of the ice and extend downward to the ice-water interface. They also show horizontal migration in these layers (Lake and Lewis, 1970; Eide and Martin, 1975) . In the Antarctic sea ice, some microalgal populations form as individual patches which are irregularly distributed throughout the entire ice thickness, and as clearly outlined horizontally elongated "strings", "veins" or "trunks" (Buinitsky, 1968) . Sometimes these typesof strings, veins and trunks run vertically and/or obliquely riddling the ice from its lower to its upper surface. It is clear that the microalgal distribution and growth in the seaice are probably determined by the orientation and length of fissures and capillary drainage channels that riddle the ice as well as by available nutrients and light. The movement of microalgae in the ice is closely associated with the mechanism of brine migration.
The peak of the sea ice microalgal bloom takes place about late May or early June just before the sea ice melts and erodes away. In mid-June ice melting then begins and continues until the sea is free of fast ice soon after mid-July . The rapid disappearance of the Microalgal layer is probably caused by a combination of melting ice, which results.in low salinity and increased light intensity, and brine drainage along with tidal currents that wash away the soft bottom ice.
